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HIGH SPEED MULTIPLIER 



TECHNICAL FIELD 

[0001] The invention relates to devices for filtering digital 
and analog signals and, more specifically, to Finite Impulse 
Response (or FIR) filters. 

BACKGROUND 

[0002] Digital signals preferably have relatively sharp, 
square wave forms representing two or more logic levels. 
However, line capacitance, noise and the like can cause 
attenuation of the digital signals and a corresponding 
"rounding" of the sharp transitions between logic levels. 
Accordingly, upon receipt of a digital signal it is often 
desirable to restore the signals to their original shape by de- 
attenuating the signal. 

[0003] Similarly, analog signals are often attenuated during 
transmission. In a variety of applications, it is necessary or 
desirable to restore analog signals to their pre-transmission 
waveforms prior to further signal processing. 

[0004] Finite impulse response (FIR) filters are widely used 
for various applications. One application is a discrete linear 
equalizer, which is used to de-attenuate digital and analog 
signals in communications systems and integrated circuits. 
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Linear equalizers can be used to restore a signal by taking N 
samples of the signal over a discrete time window, multiplying 
each successive input sample Xi by a weighting coefficient Ai, 
and outputting the sum of the products. The successive data 
outputs of an FIR filter is calculated as 

Yi= i= il N AiXi 

Y2=i=i£ N AiXi+i 

Y 3 =i=i2 N AiX i+2 

and so on. The variable N accordingly defines the number of 
"stages" in the FIR filter. When N=3, an FIR filter weighs the 
current signal against two previously received signals and 
outputs a weighted average digital signal. Optionally, 
successive samples can be included in the weighted average. 
[0005] The digital signal filtering accomplished by such 
weighted averaging can be readily appreciated by considering a 
5V digital source signal comprising data points OV, 0V, 0V, 5V. 
During transmission, that signal attenuates and becomes, in a 
simplified example, OV, OV, 2.5V, 5V. A three stage FIR filter, 
upon receiving the 2.5V data point, can combine that data point 
with the weighted products of the two previously received data 
points. The FIR output will be less than 2.5V by a factor 
dictated by the weighting constants, and the attenuation of the 
signal will be thereby counteracted. By appropriate selection 



2 



Attorney Docket: 10559-554001 / P12574 

of the weighting constants Ai and appropriate post-filtration 
amplification, the attenuated signal can be restored to its 
original waveform, or 0V, 0V, 0V, 5V. 

[0006] Early FIR filters were implemented with shift register 
delay lines that accepted analog input signals. Samples of the 
analog signals were tapped at various points along the shift 
registers and the samples were weighted and summed as explained 
above to provide the desired output. Another approach to FIR 
filtration involves storing successive analog samples in sample 
and hold cells and applying tap weights with MDAC's (multiplying 
digital to analog converters) and associated shift registers 
that store the weighting constant operands. 

[0007] A more recent approach has been to store the weighting 

constants and input data points in random access memory, or RAM. 
The constants and data points are output to a multiplier. The 
first product is sent to an accumulator and the next product is 
sent to an adder to be added to the contents of the accumulator, 
after which the resulting sum is returned to the accumulator. 
The process repeats until a pre-selected number of products are 
summed, at which time the contents of the accumulator are output 
as a filtered data point. 
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DESCRIPTION OF DRAWINGS 
[0008] FIG. 1 is a schematic diagram of a two stage FIR 
filter. 

[0009] FIG. 2 is a schematic diagram of a two stage FIR 

filter adapted to compensate for amplifier offset. 

[0010] FIG. 3 is a schematic diagram of a three stage FIR 

filter embodiment adapted to compensate for amplifier offset. 

[0011] FIG. 4 is a schematic diagram of a two stage FIR 

filter having a single variable current source. 

[0012] FIG. 5 is a schematic diagram of a two stage FIR 

filter having a single variable current source and adapted^to 

compensate for amplifier offset. 

[0013] FIG. 6 is a schematic diagram a communications system 
including an FIR filter. 

[0014] Like reference symbols in the various drawings 
indicate like elements. 

DETAILED DESCRIPTION 
[0015] A current summing FIR filter can be implemented with 
multiple differential input stages and variable tail currents. 
The variable tail currents can be used to appropriately weight 
the present and previous digital input signals. The weighted 
outputs of the differential transistor pairs can be summed to 
provide a filtered output signal. The tail currents can be 
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advantageously varied with variable current sources or by 
adjustment of the relative widths of the differential transistor 
pairs. In other embodiments, additional differential pairs can 
be added to adjust for systematic offset voltages caused by 
process-induced variations in the structure of circuit devices 
or to induce a desired offset. 

[0016] FIG. 1 shows an embodiment of a differential input 
pair FIR filter. The filter circuit 100 includes a first 
differential transistor pair 106, 108 in a first stage 122 and a 
second differential transistor pair 110, 112 in a second stage 
124. Each transistor has a channel of width W. The length ^of 
the transistor channels may be the same across all transistors 
in the circuit. The first and second transistor pairs can be 
referred to as being inter-coupled to each other because output 
node 114 is coupled to an output of transistor 110 from the 
second pair, while the output node 116 is coupled to an output 
node of transistor 108 from the first pair. Output nodes 114 
and 116 are respectively coupled to load devices 118 and 120. 
These load devices can include passive and/or active circuits, 
depending on the application of the filter circuit. The load 
devices can alternatively represent a separate filter or 
amplification stage. The respective tail currents of the 
differential pairs are controlled by variable current generators 
102 and 104 as shown. Other types of variable current generators 
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to control the tail currents can alternatively be used, for 
example, current sinks. In this embodiment, variable current 
generator 102 provides half the current of current generator 
104. The inputs to the gates of transistors 106, 108, 110, and 
112 are V n + , V n ~, V n -i + , and V„- x " , respectively, where n represents 
a current differential signal data point and n-1 represents the 
previous differential signal data point. 

[0017] In operation, the inputs V n + , V n ", V n -i + , and V n -i~ are 
provided by, for example, an sample and hold circuit (not 
shown) . The fact that the tail current set by generator 104 is 
twice that set by generator 102 dictates that the current glain 
for inputs V n -i + and V n _f will be twice that of inputs V n + , V n ". 
The filter circuit 100 provides output voltages V ou t + at node 114 
and V out " at node 116. " The output voltages will reflect a 
weighting of signals n and n-1 consistent with their relative 
current amplification. Stated another way, in this embodiment 
differential input signals. V n -i + and V n -f are given twice the 
weight of differential inputs V n + , V n ". 

[0018] The circuit of FIG. 1 thus serves as an FIR filter 
when tapped at the outputs 114, 116. The filtered output for 
differential signal sample n is either suppressed or amplified 
based on the previously received differential signal sample. 
[0019] Various modifications can be readily made to the 
circuit of FIG. 1 to expand its functionality. Additional 
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stages can be added to the filter to provide that input signals 
n-2, n-3, n+1, n+2, et cetera be factored into the filtered 
output V out + and V out ~. The weight afforded each input pair can be 
adjusted by appropriate variation of the tail current generators 
102 and 104. The use of matrices to select optimal weighting 
coefficients is well known in the art and will not be discussed 
in further detail herein. Many other modifications can be made 
to the circuit 100, as is explained in greater detail below. 
[0020] FIG. 2 shows a filter circuit 200 that corrects for an 
undesired differential signal offset or provides for a desired 
signal offset. The embodiment of the filter circuit 200 shown 
in FIG. 2 is implemented using p-channel metal oxide 
semiconductor field effect transistors (MOSFETs) , as with the 
circuit 100 shown in FIG. 1. The filter circuit 200 of FIG. 2 
has two stages, like the filter circuit 100 of FIG. 1. However, 
each stage 234, 236 of the circuit 200 includes two differential 
transistor pairs instead of one differential transistor pair. 
[0021] The first stage 234 includes variable current 
generator 202, which provides a tail current to transistor pair 
210, 212, and. a complementary current generator 204, which 
provides a tail current to transistor pair 214, 216. When the 
current of generator is 202 is increased by AI, the current of 
generator 204 is decreased by AI, and visa versa. The input to 

the gates of transistors 210 and 214 is V n + and the input to the 
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.gates of transistors 212 and 216 is V n ". The widths of the gates 
of transistors 212 and 214 are increased (or decreased) by a 
factor a. 

[0022] The second stage 236 includes variable current 
generator 206, which provides a tail current to transistor pair 
218, 220, and a complementary current generator 208, which 
provides a tail current to transistor pair 222, 224. When the 
current of generator is 206 is increased by AI, the current of 
generator 208 is decreased by AI, and visa versa. The aggregate 
current generated by second-stage generators 206 and 208 is 
twice that generated by first stage generators 202 and 204 "*in 
the first stage 234. The inputs to the gates of transistors 218 
and 222 is V n _! + and the inputs to the gates of transistors 220 
and 224 is V n _r. The widths of the gates of transistors 220 and 
222 are increased (or decreased) by a factor a. 

[0023] The first and second stages are inter-coupled to each 
other because output node 230 is coupled to an output of 
transistors 210, 214, 218, and 222, while the output node 232 is 
coupled to an output node of transistors 212, 216, 220 and 224. 
Output nodes 230 and 232 are respectively coupled to load 
devices 226 and 228. As noted above in connection with FIG. 1, 
these load devices can include passive and/or active circuits, 
depending on the application of the filter circuit. The load 
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devices can alternatively represent a separate filter or 
amplification stage. 



and second stages 234 and 236 function similarly to the first 
and second stages of the filter circuit of FIG. 1. Namely, the 
fact that the aggregate tail current set by the second-stage 
generators 206, 208 is twice that set by first-stage generators 
202, 204 dictates that the current gain for inputs V n -! + and V n _i~ 
will be twice that of inputs V n + , V n ~. The filter circuit 200 
thus provides output voltages V ou t + at node 230 and V ou t" at node 
232. The output voltages will reflect a "weighting" of sigrfels n 
and n-1 consistent with their relative current amplification, 
just as in the circuit of FIG. 1. 

[0025] However, the circuit of FIG. 2 also removes or 
introduces offsets to or from the differential signals V n and V n . 
i. This arises from the mismatching of the widths of the 
differential transistor pairs by the factor a. 

[0026] Consider the first stage 234 in an operating condition 
wherein V n + = Vj. n ~. Also assume that the tail currents 202 and 
204 are equal and the load impedances are equal. In such a 
configuration, the stage 234 provides a nominal offset that will 
appear at the output as V out + - V out ~ - V nomin ai 



[0024] 



In* operation, when viewed macroscopically, the first 



= {[a/(a+l)]I + tl/(a+l)i} R load 



- {[a/(a+l)]l + [l/(or+l)i} R load 



(1) 



9 



Attorney Docket: 11)559-554001 / P12574 

= 0. 

Next, keeping the input voltages the same, if current 202 is 
increased and current 204 is decreased both by the same amount, 
namely I202 + AI and I 2 04 - AI, then V out + changes to the following: 

V out + = {[cr/(a+l)] [I202 + AI] + [1/ (a+1) ] [I 20 4 - AI] } R L (2) 
Similarly, the new value of V cut ~ is given by: 

V out " = {[a/ (a+1)] [I 2 o4 " AI] + [l/(a+D] [I202 + AI] } R L (3) 
Finally, the difference voltage V out + - V ou t" is given by: 

V out + - V out " -■+ [2(a-l)/(a+D] AI R load (4) 
[0027] Thus, increasing I202 and decreasing I 2 04 resulted in a 

-5* 

decrease in the difference output voltage as given in the 
expression above. This decrease is the offset forced by the 
change in tail currents. Now, if the tail currents are changed 
in the reverse direction, that is if I202 is decreased and I204 is 
increased by the same amount, then following an analysis similar 
to that above gives the following expression: 

V 0 ut + - Vout" = - [2(a-l)/(a+U] AI R load (5) 
which is an offset in the output voltage that is opposite in 
polarity to that given by equation (4) . Thus, this example 
illustrates how opposite polarity offsets may be obtained in 
proportion to a differential change in the tail currents. The 
net effect is that an offset dictated by AI and a is imposed 
upon or removed from the signals V n + , V n ~ at the first stage 234 . 
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[0028] This same effect is observed in the second stage 236 
when current 206 is changed by AI and current 208 is changed by 
-AI . Accordingly, the offset dictated by AI and a is imposed or 
removed from the signals V n _i + , V n -i~ at the second stage 236. 
[0029] The circuit 200 thus serves both as a FIR filter and 
as a variable offset amplifier. The differential signals V n «i and 
V n are weighted by the ratio., between the average tail currents in 
the first and second stages. At the same time, offset is imposed 
upon the two differential input signal pairs V n + , V n ~ and V n -i + , 

Vn-1*- 

[0030] FIG. 3 shows a three-stage filter circuit 300 that is 
similar to circuit 200 except that an additional stage 34 6 is 
added to include the differential signal V n+ i in the filtration 
process. The first stage 348 includes variable current generator 
314, which provides a tail current to transistor pair 322, 324, 
and a complementary current generator 316, which provides a tail 
current to transistor pair 326, 328. When the current of 
generator is 314 is increased by AI, the current of generator 
316 is decreased by AI, and visa versa. The inputs to the gates 
of transistors 322 and 326 is V n + and the inputs to the gates of 
transistors 324 and 328 is V n ~. The widths of the gates of 
transistors 324 and 326 are increased (or decreased) by a factor 
a. 
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[0031] The second stage 350 includes variable current 
generator 318, which provides a tail current to transistor pair 
330, 332, and a complementary current generator 320, which 
provides a tail current to transistor pair 334, 336. When the 
current of generator is 318 is increased by AI, the current of 
generator 320 is decreased by AI, and visa versa. The average 
current generated by second-stage generators 318 and 320 is 
twice that generated by first stage generators 314 and 316 in 
the first stage 340. The inputs to the gates of transistors 330 
and 334 is V n -i + and the inputs to the gates of transistors 332 
and 336 is V n -i". The widths of the gates of transistors 332 and 
334 are increased (or decreased) by a factor a. 
[0032] The third stage 346 includes variable current 
generator 302, which provides a tail current to transistor pair 
306, 308, and a complementary current generator 304, which 
provides a tail current to transistor pair 310, 312. When the 
current of generator is 302 is increased by AI, the current of 
generator 304 is decreased by AI, and visa versa. The average 
current generated by third-stage generators 302 and 304 is half 
that generated by first stage generators 314 and 316 in the 
first stage 340. The inputs to the gates of transistors 306 and 
310 is V n+ i + and the inputs to the gates of transistors 308 and 
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312 is V n+1 ". The widths of the gates of transistors 308 and 310 
are increased (or decreased) by a factor a. 

[0033] The first, second and third stages are inter-coupled 
to each other because output node 342 is coupled to an output of 
transistors 306, 310, 322, 326, 330 and 334, while the output 
node 344 is coupled to an output node of transistors 308, 312, 
324, 328, 332, and 336. Output nodes 342 and 344 are 
respectively coupled to load devices 338 and 340. As noted 
above in connection with FIGS. 1 and 2, these load devices can 
include passive and/or active circuits, depending on the 
application of the filter circuit, and the load devices carf 
alternatively represent a separate filter or amplification 
stage . 

[0034] The operation of the circuit 300 is similar to that of 

circuit 200 except that differential signal V n+ i is weighted and 

factored into the output signals 342, 344. In this embodiment, 

V n+ i is afforded half the weight of signal V n and a quarter the 

weight afforded signal V n -i. The operation of circuit 300 also 

differs in that offset is also imposed upon the differential 

input signal pair V n+1 + , V n+ f , as dictated by AI and a. 

[0035] As can be readily appreciated from the foregoing, any 

desired number of stages can be added to permit filtration of 

additional data points. Similarly, any desired weighting factor 

can be applied amongst sequential data points V n -i, V n , V n+1 , et 
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cetera, by appropriate selection of tail currents. Any desired 
offset can be applied to each differential input pair by 
appropriate selection of AI and a. 

[0036] The circuit of FIG. 4 reflects another modification to 
the filter circuit of FIG. 1. Filter circuit 400 operates 
similarly to circuit 100 except that the tail current of second 
stage 418 is controlled by varying the widths of the channels of 
the second stage transistors instead of varying an independent 
current source. 

[0037] Current source 402 feeds both the first stage 

differential transistor pair 404, 406 and second stage 

transistor pair 408, 410. Circuit elements 404 to 414 and their 

connections are similar to elements 106 to 120 in FIG. 1 and 

need not be explained further herein, except to say that the 

widths of first stage differential transistor pair 404, 406 are 

half that of the second stage transistor pair 408, 410. 

[0038] In operation, the first and second stages 420 and 422 

function similarly to the first and second stages of the filter 

circuit of FIG. 1. Namely, the fact that the aggregate tail 

current set by the width second-stage transistors 408, 410 is 

twice that set by the width of first-stage transistors 404, 406 

dictates that inputs V n _i + and V„.f will be amplified twice as 

much as inputs V n + , V n ". The filter circuit 400 thus provides 

output voltages V out + at node 230 and V ou t" at node 232. The output 
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voltages will reflect a "weighting" of signals n and n-1 
consistent with their relative amplification, just as in the 
circuit of FIG. 1. 

[0039] The circuit of FIG. 5 reflects a modified version of 
the circuit of FIG. 4 that permits variable offset control. The 
circuit of FIG. 5 is comprised of two sub-circuits 530, 532 
having the same basic topology as circuit 400 inter-coupled to 
one another in the same fashion discussed above. The only 
difference between each of the sub-circuits 530, 532 and the 
circuit 400 is that widths of the certain of the differential 
transistor pairs are adjusted by factor a. The currents fed 
into the sub-circuits 530, 532 are complimentary in the sense 
that, when the current of generator 512 is increased by AI, the 
current of generator 502 is decreased by AI, and visa versa. 
The remaining aspects of components 502-528 are similar to the 
parallel components 402-414 already described above in 
connection with FIG. 4. 

[0040] In operation, the sub-circuits 530 and 532 of filter 
circuit 500 function similarly to filter circuit 400. 
Differential signal V n _i is given twice the weight of signal V n 
before it is summed with V n at output nodes 526, 528. However, 
the circuit 500 also removes or introduces offsets to or from 
the differental signals V n and V n _i as dictated by AI and a, and 



15 



Attorney Docket: 17T559-S54 001 / P12574 

the teachings 'set forth above. The factor a applied at 
transistors 504 and 516 controls the relative offset applied to 
the differential signal V n and the offset factor a applied at 
transistors 508 and 520 controls the relative offset applied to 
the differential signal V n -i. 

[0041] Many other modifications can be made to the circuits 
of FIGS. 1-5 in accordance with the teachings set forth herein. 
For instance, the current differentials can be provided by 
digitally controlled current sources. A single current source 
may be tapped in various locations to provide varied tail 
currents. The relative location of the loads and current 
sources can be switched by tying the loads to Vcc and 
implementing current sinks. Non-integer weighting factors and 
offset factors a can be realized by appropriate manipulation of 
current sources, transistor widths, passive circuit element 
parameters, or any other parameter that affects output node 
voltage in a particular circuit topology. Furthermore, negative 
weighting factors can be advantageously provided by switching 
the input terminals (e.g. switching V n + and V n " such that they 
bias the other FET in the differential pair) . The offset factor 
can be realized by altering one or both of the channel widths or 
lengths of the differential transistor pairs. Similarly, the 
weighting factor can be realized by altering one, some or all of 
the channel widths or lengths of the inter-coupled transistors. 
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The weighting factor can also be realized by altering one, some, 
or all of the tail currents feeding into each stage. The number 
of data points sampled (N) and the number of stages can be 
selected to obtain optimum filtration while minimizing hardware 
cost. The filter circuits of the instant invention can be 
integrated into an analog filtering stage, which additionally 
reduces complexity and increases operating speed. Additional 
devices such as common mode feedback devices can be 
advantageously added to the filter circuits of the instant 
invention. By appropriate selection of the loads, the filter can 
additionally provide a desired amplification of the differential 
input signals. Moreover, the range in which the relationship 
between Vi n and I out is linear can be advantageously broadened by 
adding degenerating resistances between the current sources and 
differential pairs. Many other such modifications can be 
readily made to adapt the instant control circuit to other 
circuit environments. 

[0042] FIG. 6 shows a communications system 600 having the 

filter of FIGS. 1-5 in a communications application. The 

transmission end of the signal to be sensed may reside on a 

separate integrated circuit die or separate circuit board, for 

example, as depicted by block 602 having a transmitter 604 with 

differential outputs Vn + and Vn\ These differential output 

signals are received by a sample-and-hold circuit 606 that may 
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reside, as shown in FIG. 6, on a separate integrated circuit die 
or separate board as depicted by block 608. A clock signal CLK 
determines the timing of when the differential signal is 
sampled, and a delayed clock signal determines the timing of 
when the sampled-and-held differential signal is filtered by 
circuit 610. 

[0043] Aspects of the invention provide for one or more of 
the following advantages. In selected embodiments, the 
invention provides a filter circuit that serves simultaneously 
as an FIR filter and a variable offset amplifier. In certain 
embodiments, the digital signal processing requirements are" 
significantly reduced in comparison to previous designs. In 
some embodiments, the circuit has improved common mode rejection 
ration and power supply rejection ration compared to other 
designs of such circuits, which permits sampling and filtration 
of an increased number of differential input data points. In 
still other embodiments, the filter can be integrated into an 
analog filtering stage, as noted above, which in turn reduces 
complexity and increases operating speed. 
[0044] A number of embodiments have been described. 
Nevertheless, it will be understood that various modifications 
may be made without departing from the spirit and scope of the 
invention. Accordingly, other embodiments are within the scope 
of the following claims. 
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